The tea flavonoid epicatechin gallate (ECG) exhibits a wide range of biological activities. In this study, the in vitro anticancer effects of ECG on SW480 colon cancer cell line was investigated by analyzing the cell cycle, apoptosis, key proteins involved in cellular survival/proliferation, namely AKT/PI3K and MAPKs, and the role of p53 in these processes. ECG induced cell cycle arrest at the G0/G1-S phase border associated with the stimulation of p21, p-p53 and p53 and the suppression of cyclins D1 and B1. Exposure of SW480 cells to ECG also led to apoptosis as determined by time-dependent changes in caspase-3 activity, MAPKs (ERK, p38 and JNK), p21 and p53 activation, and AKT inhibition. The presence of pifithrin, an inhibitor of p53 function, blocked ECG-induced apoptosis as was manifested by restored cell viability and caspase-3 activity to control values, and reestablished the balance among Bcl-2 anti-and pro-apoptotic protein levels. Interestingly, ECG also inhibited p53 protein and RNA degradation, contributing to the stabilization of p53. In addition, JNK and p38 have been identified as necessary for ECGinduced apoptosis, upon activation by p53. The results suggest that the activation of the p53-p38/JNK cascade is required for ECG-induced cell death in SW480 cells.
Introduction
Colorectal cancer (CRC) is a common malignancy ranking third in frequency on the world and constitutes the most common malignancy in developed countries (1, 2). It has been described that one-third of human carcinoma might be associated with dietary habits and lifestyle (1, 2).
Thus, one promising approach to reduce the incidence and improve the prognosis of CRC may be chemoprevention/chemotherapy through diet.
The development of CRC involves various genetic and molecular changes in cell proliferation, survival and differentiation, resistance to apoptosis, metastasis, and tumour angiogenesis (3) . In this line, the misregulation of the cell cycle by altering the tight association of cyclins and cyclin-dependent kinases (CDKs) or cyclin-dependent kinases inhibitors (CDKIs) could lead to the stimulation or inhibition of cell growth. Similarly, the protein kinase B (AKT)/phosphatidylinositol-3-kinase (PI3K) pathway is involved in cell survival/proliferation (3) (4) (5) , and mitogen-activated protein kinases (MAPKs), especially c-jun amino-terminal kinase (JNK) and p38, seem to be related to stressful situations or apoptosis induction (6) . In addition, as most human cancers, colon cancer exhibits mutations of the p53 gene and altered protein function, which promotes an inappropriate cell survival, allowing a continued proliferation and evolution of the damaged cells (3, 7) . In fact, mutations of p53 are considered to be an early step in the development of CRC and could be correlated to aggressive, chemoresistant tumours, especially in patients with CRC (3, 7) . P53 plays a central role in the response to a wide range of cellular stresses, leading to cell cycle arrest, cell senescence or apoptosis (7) (8) (9) , and it has been reported that p53 modulates the intrinsic mitochondrial apoptotic pathway and can be activated by more than one kinase (7).
(-)-Epicatechin gallate (ECG), a major tea catechin (5), seems to exert health benefits, including the prevention of cancer (10) (11) (12) . Different studies have shown that ECG is a potent chemopreventive agent able to interfere with the oxidative/antioxidative potential of colonic Cordero-Herrera 4 4 cells (13), to induce inhibition of cell growth, cell cycle arrest, and to trigger apoptosis in different cancer cell lines such as cells from human oral cavity (11), lung and colon (14) (15) (16) (17) , prostate (18) , and in head and neck squamous cancer cells (19) . However, the precise mechanism for the chemopreventive/chemotherapeutic activities of ECG remains largely unknown.
In this study, SW480 cells, an invasive cell line commonly used in metastasic studies (20) , which exhibit a mutated p53 gene that retains its ability to induce DNA repair, cell cycle arrest and apoptosis have been selected to determine the efficacy of ECG against colon cancer cells (21, 22) . Therefore, SW480 cells represent one of the best characterized colorectal cancer cell lines, and constitute an interesting and widely used in vitro model for the study of this neoplasia (20, 21) .
In previous studies, we have shown that ECG has anticarcinogenic potential through the induction of apoptosis in SW480 cells (16). The present study evaluates the underlying mechanisms of the in vitro anticancer effects of ECG on SW480 cells and demonstrates that ECG induces cell death associated to the alteration of the cell cycle, the inhibition of AKT, the stimulation of the MAPKs (ERK, JNK and p38), and the activation of p53. In addition, the relevance of p53 in cell death has been evaluated and it is shown that ECG stabilizes p53 and modulates p53 through JNK and p38.
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Materials and methods

Materials and chemicals
ECG was obtained from Extrasynthese (Genay, France). Gentamicin, penicillin G, streptomycin, SP600125, SB203580, PD98059, cycloheximide (CHX), actinomycin D (ActD), crystal violet and propidium iodide were purchased from Sigma Chemicals (Madrid, Spain). RNase A was obtained from Roche Molecular Biochemicals (Barcelona, Spain). Anti-cyclin B1, anti-phosphoSer15-p53, anti-AKT and anti-phospho-Ser473-AKT, as well as anti-ERK1/2 and anti-phospho-ERK1/2 recognizing phosphorylated Thr202/Thy204 of ERK1/2, anti-JNK and anti-phosphoThr183/Tyr185-JNK, anti-phospho-p38 recognizing phosphorylated Thr180/Tyr182, p21 and anti-β-actin were obtained from Cell Signaling Technology (Izasa, Madrid, Spain). Anti-cyclin D1 (sc-718), anti-Bclx (sc-634), anti-Bad (sc-943), anti-phospho-Ser112-Bad (sc-7998) and antip38 (sc-535) were purchased from Santa Cruz Biotechnology (Qimigen, Madrid, Spain).
Caspase-3 substrate (Ac-DEVD-AMC) and anti-p53 were from BD Pharmingen (Madrid, Spain), and pifithrin (PF) was obtained from Calbiochem (Merck, Madrid, Spain). Materials and chemicals for electrophoresis and the Bradford reagent were obtained from BioRad (Madrid, Spain). Cell culture dishes were from Falcon (Cajal, Madrid, Spain) and cell culture medium and foetal bovine serum (FBS) from Lonza (Madrid, Spain).
Cell cultures and ECG treatments
Human SW480 cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) F-12 medium, supplemented with 10% foetal bovine serum (FBS) and 50 mg/L of each antibiotic (gentamicin, penicillin and streptomycin). Cells were maintained at 37ºC in a humidified atmosphere of 5% CO 2 . SW480 cells were a gift from Prof. Alberto Muñoz (Instituto de Investigaciones Biomedicas "Alberto Sols", CSIC, Madrid, Spain).
Cordero-Herrera 6 6 Cells were changed to serum-free medium 24 h before the assay in order to avoid the influence of the growth factors contained in the FBS on the results. To study the cellular effect of ECG, different concentrations (10-50 M), diluted in serum-free culture medium, were added to the cell plates for 24 h. At the end of the incubation period, cell cultures were processed according to the assay (see below).
To study the time-course effects of ECG, cells were treated with 30 μM ECG and then harvested (a specific inhibitor of p38), respectively and later incubated with 30 μM ECG for 8 or 24 h. 
Cell viability assay
Flow cytometry analysis
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The distribution of cells in the sub-G1 (hypodiploid peak), G1, G2-M, and S phases of the cell cycle was determined by flow cytometric analysis of DNA content after the corresponding treatment. DNA was determined after labelling the cells with propidium iodide (24) . 
Fluorometric analysis of caspase-3 activity
Caspase-3 activity was measured as previously described (25) . 
Preparation of total cell lysates for Western blotting
To detect cyclin D1, cyclin B1, p21, Bcl-x, Bad, phospho-Bad, p53, phospho-p53, AKT, phospho-AKT, ERK1/2, phospho-ERK1/2, JNK, phospho-JNK, p38 and phospho-p38 cells were lysed at 4ºC in a buffer containing 25 mM HEPES (pH 7. 
Western blot analysis
Equal amounts of proteins (100 μg) were separated by SDS-PAGE and transferred to polyvinylidene difluoride filters (Millipore, Madrid, Spain). Membranes were probed with the corresponding primary antibody followed by incubation with peroxide-conjugated anti-rabbit immunoglobulin (GE Healthcare, Madrid, Spain). Blots were developed with the ECL system (GE Healthcare, Madrid, Spain). Equal loading of Western blot was ensured by β-actin and bands were quantified using a scanner and accompanying software.
Statistics
Prior to statistical analysis, data were tested for homogeneity of variances by the test of Levene;
for multiple comparisons, one-way ANOVA was followed by the Bonferroni test when variances were homogeneous or by the Tamhane test when variances were not homogeneous. P<0.05 was considered significant. A SPSS version 19.0 program has been used.
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ECG affects cell cycle progression in SW480 cells.
To determine the potential effects of ECG on cell cycle, SW480 cells were exposed to a range of concentrations (10-50 μM) of ECG for 24 h and then harvested to evaluate the cell cycle distribution by flow cytometry.
Treatment with ECG induced a significant decrease of cells in G2/M phase at concentrations higher than 20 M.. In addition to the G0/G1 arrest, a significant proportion of cells entered in apoptosis indicated by the appearance of a sub-G1 peak ( Figure 1A ).
The effects of ECG on cyclin D1, cyclin B1, CDKI p21, p-p53 and p53 were assayed by Western P53 is one of the most important molecules in the regulation of cell growth and apoptosis (7-9).
P53 becomes activated through phosphorylation and stabilization in response to various types of stress, and consequently could arrest cell cycle predominantly in G0/G1 phase via induction of the CDKI p21 (8) . Thus, 20-50 M ECG caused an increase in the levels of p21, p-p53 and p53
after 24 h of treatment as compared to untreated SW480 cells. All these results could indicate a cell cycle arrest at the G0/G1-S phase border and induction of apoptosis (Figure 1 ).
Since 30 µM ECG was the lowest concentration that altered the cell cycle distribution and levels of cell cycle-related proteins in SW480 cells, this was the concentration selected for studying the effects through time on cell cycle-related proteins, apoptosis and survival/proliferation pathways.
ECG alters cell cycle and survival/proliferation through time in SW480 cells.
In view of the alterations observed for 30 µM ECG on cell cycle, the potential apoptotic effect of this flavanol was tested in SW480 cells by a time-course (0-24 h) evaluation of caspase-3 activity, which is a crucial effector in the terminal or execution phase of the apoptotic pathway, and key proteins of survival/proliferation pathways. As shown in Figure 2A , ECG (30 µM) increased caspase-3 activity at 8-24 h, and caused a rapid (4 h onwards) and marked increase in protein levels of p21, p-p53 and p-53 ( Figures 2B and 2C ).
PI3K/AKT and MAPKs play an important role in cell survival, and can be modulated by polyphenols (4, 12) . Thus, it was investigated whether treatment with ECG was able to regulate key proteins of these intracellular signalling cascades in SW480 cells. ECG induced an early decrease in AKT phosphorylated levels (4-24 h) and a strong activation of ERK (2-24 h), whereas an increase in the phosphorylated levels of p38 and JNK was observed from 8 h up to 24 h of incubation ( Figures 2B and 2D ). The protein expression levels of total AKT, ERK, JNK and p38 were not modified by ECG treatment. Therefore, the results suggested that 30 µM ECG triggers apoptosis and that modulation of p21, p-p53 and p-53, as well as activation of ERK, p38
and JNK and inhibition of AKT might contribute to the apoptotic effect.
ECG-induced apoptosis is dependent on p53 activation.
Induction of apoptosis by chemopreventive/chemotherapeutic agents is often mediated through p53-dependent mechanisms (7, 9) , and the reactivation of p53 has been suggested to be an effective strategy for cancer therapy in wild-type p53-retained tumour cells (7, 9) . Thus, to evaluate the role of the activation of p53 in ECG-induced apoptosis, a selective inhibitor of this protein (pifithrin) was used and the results on cell viability and apoptosis were determined.
Treatment of SW480 cells with pifithrin followed by the addition of 30 µM ECG returned cell viability and caspase-3 activity to similar values to those of control cells ( Figures 3A and 3B ).
An imbalance in the expression of anti-and pro-apoptotic proteins is one of the major mechanisms underlying the ultimate fate of cells in the survival/apoptotic process (25) , and p53
could also contribute to promote mitochondrial permeabilisation, and thereby the induction of apoptosis (7). Thus, the possible modulation by ECG of the expression of anti-or pro-apoptotic members of this family of proteins (Bcl-x and Bad, respectively) in the presence or absence of pifithrin was studied in the same conditions. Consistent with all the above, treatment of SW480 cells with 30 µM ECG for 24 h altered the balance between anti-and pro-apoptotic Bcl-2 family members.
Bcl-x L is a caspase substrate, and the product of Bcl-x L cleavage, Bcl-x S , has a proapoptotic function. This proteolytic fragment (Bcl-x S ) was detected when the cells were incubated for 24 h with ECG, and the Bcl-x L /Bcl-x S ratio was recovered to control values in the presence of pifithrin ( Figures 3C and 3D) . ECG also induced an enhancement of Bad levels and p21, whereas treatment with the p53 selective inhibitor showed values lower than those of control cells ( Figures 3C and 3D ). On the contrary, p-Bad levels decreased in the presence of ECG, although p-Bad values were enhanced in the presence of ECG+PF ( Figures 3C and 3D ). Taken all together, it could be suggested that the increase of p53 is required for ECG-induced apoptosis in SW480 cells.
ECG stabilizes p53.
To test whether the stability of p53 protein levels was affected by ECG, SW480 cells were 
Activation of MAPKs by ECG is required for p53 stimulation and apoptosis induction.
To determine the relevance of the MAPKs activation in ECG-induced cell death and the involvement of p53 in these processes in SW480 cells, the effect of MAPKs inhibition was analysed. As shown in Figure 6A , pretreatment of cells with SP600125 completely abolished ECG-induced cell death, while SB203580 and PD98059 showed a slight although yet significant , although the precise mechanism has not been fully characterized.
In the current study, SW480 cells were used to provide in vitro evidence that ECG could induce G0/G1-S phase arrest of cell cycle and apoptotic cell death. We have demonstrated that ECG contributes to stabilize p53 and that the p53 tumour suppressor is essential to induce apoptosis.
Moreover, MAPKs (JNK and p38) are activated through p53 and they also regulate p-p53 and total p53 levels, since MAPKs inhibition interferes with this process and with the induction of the apoptotic cell death.
A major portion of ingested polyphenols survive digestion in the upper gastrointestinal tract and reach the colon, where they could be subjected to fermentation by colonic microflora (10) . This observation has been confirmed in human ileostomy patients (29) . Therefore, despite the low serum bioavailability of flavonoids (10), due to the high catechin content of green tea, cocoa and other well accepted foodstuffs, colonic cells could be exposed to flavanol levels similar or higher to those tested in the present study. In this line, it has been reported that the concentration of ECG in the lumen may range between 75 and 300 µM after having a cup of tea and that ECG is extensively taken up by colonic cells (30) . (14, 15, 19) . Similarly, a p53-dependent apoptosis was induced by epigallocatechin gallate (EGCG) in different colon (37) and in A549 lung cancer cells (38) .
EGCG, grape seed extract, quercetin and resveratrol also led to decreased levels of cyclin D1, increased p21, and induction of p53, which played a critical role in the induction of apoptosis in colon cancer cells (28, 34, 35, 37, 39, 40) . Although p53 appears to be a key regulator of p21, Cordero-Herrera 16 16 abundant evidence indicates that p21 can also be induced in a p53-independent manner. In this regard, Kaur et al. (34) have reported that a grape seed extract stimulated p21 to arrest SW480 cell cycle, and this effect was independent of p53, showing that the response was comparable in colon cancer cells harbouring mutated and wild-type p53.
The downstream targets of p53 to execute apoptosis are wide and vary with the cell type and stimuli (7) . In this study, the down-regulation of Bcl-x L and p-Bad, and up-regulation of Bcl-x S , Bad and p21 were observed in ECG-treated SW480 cells, which were abrogated by the blockage of p53. As previously mentioned, ECG-induced apoptosis has been reported in p53 wild-type colon cancer cells (27, 41) . ECG also induced caspase-3 activity and DNA fragmentation, indicative of apoptosis, in human oral cancer cells but not in normal fibroblasts (11). Moreover, ECG induced apoptosis by increasing the expression of p53 and the pro-apoptotic Bax and reducing the levels of anti-apoptotic Bcl-2 and Bcl-x L in lung cancer cells (14, 15) . In this line, EGCG, baicalin, quercetin, lupulone and curcumin also enhanced p53 values and the ratio of Bax/Bcl-2 in favour of apoptosis (36, 37, 40, 42) . Similarly, ECG also induced cell growth inhibition and up-regulated two apoptosis-related genes (GADD153 and p21) by directly interacting with the nucleic acids in human cancer cells (43) . However, it should be mentioned that ECG is able to induce growth inhibition and apoptosis in p53 wild-type colon cancer HCT116 cells in a p53-independent manner (41). Additionally, Bad, which is constitutively phosphorylated at Ser112 and to a lesser degree, Ser136 in SW480 cells (44) , also seemed to play a role in the induction of apoptosis. In this work, it is demonstrated that ECG inhibited phosphorylation of Bad and increased unphosphorylated Bad levels, and p53 seems to be involved in this process. Therefore, a role for Bad and p-Bad in the modulation of apoptosis is demonstrated in SW480 cells, as previously shown (44) .
The degradation of p53 is one of the main alterations for the activation of this tumour suppressor. Thus, stabilization of the p53 protein has been suggested to be an effective strategy for cancer therapy (9) . A similar effect has already been reported for other polyphenols and anticarcinogenic drugs (9, 40) . In this regard, the flavonoid quercetin stabilized p53 at posttranscriptional level by inhibiting p53 ubiquitination and protein turnover at the post-translation level in HepG2 cells (40) . This might contribute to ensure p53-dependent actions such as cell cycle arrest and apoptosis, but further studies are needed to elucidate how p53 is stabilized by ECG in SW480 cells. stress, and pro-apoptotic treatments (6) . ECG induced an early enhancement of p-ERK followed by an increase in p-JNK and p-p38, as well as in caspase-3 activity together with a diminution of p-AKT levels in SW480 cells. In line with this, it has been reported that ECG induced the activation of ERK, JNK and p38 in HCT116 colorectal cancer cells leading to the inhibition of the cell growth and induction of apoptosis (27) . In addition, ECG and EGCG caused a sustained activation of ERK and p38, and all three MAPK, respectively in HepG2 cells, and these stimulations were associated to the apoptotic cell death (26) . Similarly, other natural compounds enhanced p-ERK, p-p38 levels and decreased p-AKT values contributing to the induction of apoptosis in different colon carcinoma cells (16, 46, 47) .
MAPKs seem to be involved in p53-regulated apoptosis (9, 21) , although the role of MAPKs is mainly context-dependent and is influenced by cell type and the nature of stress (6, 16, 21 ). The present study shows that the protein levels of p-JNK and p-p38 were up-regulated by p53 in ECG-treated SW480 cells, whereas p-ERK values seemed not to be modulated by p53.
Similarly, a role for p38 and JNK has been reported in the modulation of the p53-mediated apoptosis in colon cancer cells by different natural compounds, such as lupulone and maslinic acid (42, 48) . In this line, both ERK and p38 mediated resveratrol-induced activation of p53 in mouse epidermal cells (39), being JNK one of the key regulatory steps in resveratrol-induced p53 activation and p53-mediated apoptosis (49). Moreover, in the present study the specific inhibition of MAPKs was able to counteract the apoptotic effect induced by ECG in the SW480 cell line. In agreement with our results, berberin and EGCG induced apoptosis through an activation of JNK and p38 pathways in colon cancer cells (27, 50) and hepatoma cells (26) , and the blockage of p38 prevented the lupulone-induced apoptosis in SW620 colon carcinoma cells (42) . In addition, the inhibition of p38, JNK and ERK impaired the resveratrol-induced programmed cell death in JB6 mouse epidermal cells (39, 49). Therefore it can be suggested that in our study MAPKs (ERK, p38 and JNK) were involved in ECG-induced apoptosis in SW480 cells, and that p38 and JNK played a role in ECG-induced p53 activation.
In summary, our study shows for the first time that realistic doses of ECG inhibited the growth and induced apoptosis in colon SW480 cells associated to down-regulation of the PI3K/AKT pathway and the stimulation of MAPKs signalling and p53 ( Figure 7 ). Our results indicate that ECG induced p53-mediated apoptosis and stabilized p53 mRNA and protein in SW480 cells. In addition, ECG activated the MAPK pathways via p53. Thus, stimulation of p38 and JNK contribute to increase p53 levels, which could lead to the amplification of the p53 signal. These findings will provide new insights into the complex mechanisms related to the cancer chemopreventive/chemotherapeutic properties of plant flavonoids. Values are expressed as a percentage relative to the control condition (means ± SD, n = 5-6).
Abbreviations used
Equal loading of Western blots was ensured by β-actin. Means without a common letter differ (P < 0.05). 
